The problem examined by this research is tracking, with low update rates, on ground vehicles. Tracking solely by statistical prediction is inadequate for infrequently observed targets that exhibit non-deterministic behavior. The approach used here is to assume non-deterministic but rationale behavior will govern the targets. The method used to track is then to estimate the rationale behind the tracking by modeling that rationale using sophisticated knowledge modeling techniques. This report contains the additional results of the second year of research on moving target tracking of non-deterministic targets using low update rates for the observations. The first years effort centered on building the structure needed for tracking. The original intent was that the basic structure was ready to receive the knowledge needed for tracking at the end of the first year and that knowledge would be installed during the second year. A lack of data sets made that impossible, so the second year, in the end, focused on technical improvements in the system.
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SUPPLEMENTARY NOTES
ABSTRACT
The problem examined by this research is tracking, with low update rates, on ground vehicles. Tracking solely by statistical prediction is inadequate for infrequently observed targets that exhibit non-deterministic behavior. The approach used here is to assume non-deterministic but rationale behavior will govern the targets. The method used to track is then to estimate the rationale behind the tracking by modeling that rationale using sophisticated knowledge modeling techniques. This report contains the additional results of the second year of research on moving target tracking of non-deterministic targets using low update rates for the observations. The first year's effort centered on building the structure needed for tracking. The original intent was that the basic structure was ready to receive the knowledge needed for tracking at the end of the first year and that knowledge would be installed during the second year. A lack of data sets made that impossible, so the second year, in the end, focused on technical improvements in the system.
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Summary of the Program
The overall goal of this research is to demonstrate the validity of the knowledgeable approach to tracking for situations in which conventional tracking filters were unsuitable or unworkable. This approach assumes that each target is constrained by the physical world and by trained behaviors as well as rational plans, all of which compel the target to behave in selected manners. The program is designed to build a method of testing these ideas and then to support extensive testing in real situations.
This effort has three objectives to support the previously stated goal:
1) Identify and define the interfaces needed to install the tracker in a government platform. The platform was to be the TCTA. Unfortunately, the government was unable to obtain release of the interface specifications needed for that system.
2) Develop the interfaces, and the associated software, needed to install the tracker in a government platform. Due to lack of interface specifications, BRC was unable to install the system in TCTA as originally desired, and was forced to develop a standalone system, with its own interfaces.
3) Build a smart tracker, which can connect to the defined interfaces within a specified government platform. Intelligence requires knowledge behind the processing. This knowledge was to be acquired from data sets made available to BRC, along with basic ground truth data to support knowledge engineering. These data sets were never provided to BRC.
Participants
BRC is the sole contractor in this research effort. The BRC point of contact is Dr. David Skipper, (256) 882-6229 extension 105. The government technical contact is Ms Gerri Malone, (781) 271-3187.
Document Description
The remainder of this document consists of two parts. The first part is the technical description and the second part is the results of the project. Because the effort in the first year was to develop a platform to support the knowledge modeling and testing, the technical description for the first year consisted of the top-level system design. This report focuses on the technical basis and the changes from the first year's effort and the knowledge acquisition efforts. The section entitled Results discusses the results and presents lessons gleaned from this project.
Technical Description
Methods, Assumptions, and Procedures
Technical Basis
Tracking can be viewed as consisting of two steps. The first is a projection of possible future locations of the object in track, the second is the correlation of the object with those objects which seem to be near the expected location at a time. This identifies the tracked object. The field of tracking is well studied and under certain conditions, there are adequate techniques to perform tracking. As a rule of thumb, when the control forces on the object are large enough to enable significant lateral velocity change within the observation time, traditional methods may encounter difficulties. The knowledge approach described in this report is expected to be used in situations where other methods fail to perform adequately. There are also situations where the knowledge techniques described in this report are not appropriate. The initial task was to identify track situations where these knowledge based methods offer additional capability, either when combined with traditional methods of tracking, or when providing a best guess where no other traditional method can perform. This allows a graceful degradation in the overall tracking system. The underlying concept behind the knowledge based approach is to focus on the drivervehicle system, and how it can interact with the surroundings. The fundamental assumption in this study is that observed ground vehicles are guided by some intelligence, i.e. the driver. That intelligence applies controlling forces to the vehicle that causes the vehicle to select a path. The vehicle is then observed by some sensing system that has a fundamental resolution and a periodic observation rate at which the vehicle is sensed. There are three general cases to consider. First, when there is no control applied to the vehicle, it is then guided by basic physics of the world around it. With detailed vehicle characteristics and terrain information, the ground path can be predicted reasonably well and the vehicle tracked closely. Second is the case where the vehicle is controlled, but the control forces are small, so that the impulse imparted are small in the time interval between observations. The driver's control is then a perturbation on the previous case and tracking filters can handle this case readily. Third, there is the case in which the control impulse on the vehicle may be large within the time of observation. Consequently, the vehicle may radically alter its path on the earth's surface between observations. This third case is the one of interest in this study. Since this situation bears a strong resemblance to an under sampled time varying signal, a closer look at the third case is required.
At any given instant, the driver may choose to change directions or speed of the vehicle. First, assume a constant speed. The driver selects a new direction and applies a turning force to the vehicle. Neglecting weight shifts and toppling forces, the turn is limited by the Part 2 4 frictional sticking of the tires or treads on the road surface. The maximum lateral force, F, which the vehicle can withstand, without slipping, is:
Where µ is the coefficient of friction and W is the weight of the vehicle, and W = m * g where m is the vehicle mass and g is the gravitational constant. Even with modest coefficient values for trucks [Marks, 1967] Consider the driver's options. Assume the driver either maintains or decreases the present speed. The driver can proceed ahead, turn left or right, and perform a U-turn. Every 4 seconds, the constant speed 30-mph truck can be anywhere inside a box that is about 176 by 228 feet in size. Assume a resolution of about the size of the truck. If a truck is about 6 by 20 feet, then in that 4 seconds, there are about 341 distinct cells it can be within that box. Since all cells are equally likely, unless we sample at less than 4 seconds, there is a uniform probability of 1/341 or about 0.0029 of randomly selecting the correct cell. If three or more observations are needed to establish a track, then there is about 2.4x10 -8 chance of correctly selecting the cell sequence. Other cases are visited in Appendix A. Despite appearances, this is not a hopeless task, even if the revisit time remains larger than the turning time.
The solution to this problem is to reduce the number of cells that the truck could be in at the time the track decision is made. This can be accomplished by identifying the cells where the driver wants to go, rather than just the cells where the driver can go. If no other 5 trucks are present within the narrow range of cells, then the truck is easy to track. When other trucks are within the narrow range of possible cells, then the additional problem of correlating one of these with the tracked object truck remains. In this classification problem, the feature space may not allow unambiguous correlation. The top guesses are then carried until the obviously incorrect paths can be pruned. Another solution is to unambiguously identify that specific truck in only one cell after exhaustively searching all the cells by utilizing an improved feature space. An example of the second solution is to utilize a short wavelength, high resolution radar system.
First Year Overview
The first year of this effort focused on the preparation of the infrastructure needed to support the knowledge based tracking, as discussed in the introduction and detailed in (Skipper, 1999) . Consequently, the work of the first year was a software development process. This proceeded as:
The knowledge modeling was to be based on data sets and ground truth data delivered by the government in support of this project.
Based on the three objectives identified previously, BRC developed a set of working requirements for tools for this development. Using the Motorola developed Time Critical Target Aid system (TCTA) as the government platform of choice, the requirements are:
1) The BRC tool set system shall connect with the TCTA system. It shall exchange information with this system.
2) The BRC tool set system shall provide tools to enhance target tracking and identification using data provided by TCTA and the TCTA operator.
3) The BRC tool set system shall automate selected operator actions to reduce the operator workload.
In the second year, the TCTA was no longer a viable option and BRC developed its own display and data manipulation system to provide these basic capabilities instead of the TCTA.
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Second Year Overview Goals BRC first goal for the second year of the project was the development of the knowledge needed to perform tracking. This was to be accomplished by study of data sets provided by the government or through the TCTA contractor. The approach was to either correlate the data and the ground truth to arrive at an understanding of the vehicle driver, or by studying a very large set of data to determine underlying patterns within the data.
The second goal was to enhance the basic system to remove known defects and to add improvements as time permitted.
Results
During the second year, the second goal was accomplished. However, the first goal was troublesome. BRC repeatedly requested data sets, from the government and was promised data sets. BRC repeatedly requested cooperation from the TCTA contractor to facilitate incorporation of the tracker software into TCTA so that data sets could be examined directly. All of these are well documented in the monthly reports. When the basic contract time began to expire, and not data was forthcoming, BRC requested a no cost extension to the contract, and received that. BRC substantially reduced the efforts on the contract to give the government time to acquire the needed data and get that data to BRC, with the expectation that the project could then be restarted and the major goal accomplished. The data was never delivered. On its own initiative BRC contacted CECOM who was also unable to get data from the TCTA contractor and AFRL. AFRL was contacted at the end of the contract and they had simulated data, without ground truth and at a higher rep rate than expected. One CDROM of this simulated data was delivered to BRC and it was studied (Appendix B), but its arrival so late in the program without the ground truth made final use virtually impossible. This one CDROM represented the only knowledge data of any kind delivered by any government group in support of this project. Any future investigations in this field should begin with contacting AFRL for data at the beginning of the study.
Knowledge Modeling Acquisition
Given the substantial difficulty acquiring data sets for knowledge acquisition, the only knowledge capabilities were based on an implicit knowledge of driving vehicles. This led to simple bulk filters to exclude tracks that were clearly not in the area of interest, and on simplistic vehicle knowledge. This implicit knowledge was only used for debugging the system.
Modeling
The basis for knowledge modeling in this system is the conceptual graph (Sowa, 1984) . Appendix C shows the knowledge models which were developed as prototypes in the absence of any knowledge to model.
Implementation
A conceptual graph processor developed for another program and it was re-hosted onto the SUN computer to permit installation of the knowledge graphs described previously.
Program Results
Results, Discussion, and Conclusions
Results and Discussions
BRC began this project with the hypothesis that object tracking would be possible in difficult cases by focusing on the driver and the limitations of the vehicle in a given environment. BRC proposed testing that hypothesis by acquiring knowledge of the terrain, drivers and military operations from data provided by the government. Unfortunately, due to reasons noted previously, this hypothesis is neither proven nor disproven. This hypothesis awaits future studies for a conclusive result. As a secondary goal, the usefulness of conceptual graph representations of knowledge would also be demonstrated. Again this could not be proven or disproven.
BRC clearly learned several lessons in this project. First is not to underestimate the reluctance of a major contractor (TCTA) to assist a small contractor. Similarly, never underestimate the time and effort to obtain data sets, even if they are absolutely critical to a program. Finally, initial planning should assume that data will never be made available, and time should be spent preparing simulations and synthetic terrain as a backup to the missing data sets.
Conclusions
BRC realized several conclusions from this effort.
1) Certain tracking situations may be resolved by using knowledge-based approaches. However, the actual demonstration of that hypothesis awaits a future project.
2) The MTI data sets from AFRL may provide the basis for simulated data needed to prove or disprove the previous hypothesis. However, the data sets must be packaged as complete knowledge sets, with ground truth, terrain, mission statements, force descriptions, and weather information to be of truly useful for knowledge acquisition.
3) The standardized MTI data set interface definition from AFRL appears to be quite useful and should provide a basis for future tracking studies.
In summary, the second year of this project was one of extreme frustration for the participants. Although numerous avenues were pursued to find data sets, all these efforts were stymied until the end of the project. What could have been a useful product for Part 3 10
Vehicle Turn Limits
Finding a Vehicle
Time to Turn
The following table shows the time to execute a constant speed turn assuming the 0.53 coefficient of friction. The times are in seconds. The percentages represent a fractional part of a 90 degree turn.
• Table A 
Knowledge
The following figure, C1, contains the general knowledge categories that are to be used in the development of the system. Figures C2 and C3 give a top-level breakdown of the knowledge that is used to guide the acquisition. Figures C4, C5 , C6, and C7 are additional knowledge models being developed for the second phase. They represent heuristic portions of the knowledge. The full spellings of the shorthand terms in the graphs are presented below Figure 
